Massett, Michael P., and Bradford C. Berk. Strain-dependent differences in responses to exercise training in inbred and hybrid mice. Am J Physiol Regul Integr Comp Physiol 288: R1006 -R1013, 2005. First published December 23, 2004; doi:10.1152/ajpregu. 00476.2004.-The aim of this study was to characterize the response to exercise training in several mouse strains and estimate the genetic contribution to phenotypic variation in the responses to exercise training. Male mice from three inbred strains [C57Bl/6J (BL6), FVB/NJ (FVB), and Balb/cJ (Balb/c)] and three hybrid F1 strains [CB6F1/J (CB6 ϭ female Balb/c ϫ male BL6), B6F F1 (female BL6 ϫ male FVB), and FB6 F1 (female FVB ϫ male BL6)] completed an exercise performance test before and after a 4-wk treadmill running program. Distance was used as the primary estimate of endurance exercise performance. FVB mice showed the greatest response to training, with five-to sevenfold greater increases in distance run compared with BL6 and Balb/c strains. Specifically, BL6, FVB, and Balb/c strains increased distance by 33, 172, and 23%, respectively. A similar pattern of changes across strains was observed for run time (17, 87, and 11%) and work (99, 287, and 57%). As a group, F1 hybrid mice derived from BL6 and FVB strains showed an intermediate response to training (61%). However, further analysis indicated that training responses in FB6 F1 mice (80%) were ϳ2.5-fold greater than responses in B6F F1 mice (33%, P ϭ 0.08). A similar pattern of changes between FB6 and B6F F1 mice was observed for run time (44.5 and 17%) and work (141 and 59%). These data demonstrate that there are large strain-dependent differences in training responses among inbred mouse strains, suggesting that genetic background contributes significantly to adaptation to exercise. Furthermore, the contrasting responses in B6F and FB6 F1 strains show that a maternal component strongly influences strain-dependent differences in training responses. treadmill running; hybrid mouse strains; broad-sense heritability SEVERAL MURINE MODELS of chronic human diseases have been developed using genetically modified mice. With greater frequency, exercise and exercise training are being incorporated in investigations of these murine models of chronic disease (4, 24, 25) . However, the extent to which the background strain contributes to disease and/or exercise-related phenotypic differences in transgenic mice remains a question (2, 11, 16) . Relatively little is known about strain-dependent differences in the responses to exercise and exercise training (4). As a result, phenotypic differences between wild-type and mutant mice can be identified, but comparisons of either strain to normative data are relatively difficult (11, 16, 28) . Thus it is important to characterize the responses to exercise training in mouse strains commonly used to derive genetically modified mice.
In humans, both intrinsic exercise capacity and the response to exercise training are highly variable, such that some individuals may not respond to exercise training (5, 27) . Although many of the phenotypic traits associated with exercise training are well known (i.e., increased oxidative metabolism, improved endothelial function; see Refs. [23] [24] [25] , the genetic factors determining the magnitude of the response to exercise are poorly understood (5, 26) . Furthermore, on the basis of previous reports, the genetic factors determining intrinsic exercise capacity are likely different from those determining the response to training (5, 6, 29) . Consequently, identifying the genetic factors modulating the adaptations to exercise may provide insight into the prevention and treatment of many chronic diseases.
Recently, inbred mouse strains and selectively bred rats and mice have been used to identify the genetic basis for variation in intrinsic endurance exercise performance (3, 12, 19, 21, 22, 32, 34) . In rats and mice, there was a two-to fourfold difference in intrinsic exercise performance measured by treadmill running between the highest-and lowestperforming strains (3, 19, 21, 22) . Lerman et al. (21) also examined voluntary running performance in inbred mice. Interestingly, they reported that BL6 mice had the highest duration, distance, and running speed during voluntary running but the poorest performance in treadmill running (21) . To date, however, there are limited data from animal models regarding the genetic variation in the responses to exercise training (35) . Therefore, the aim of this study was to characterize the response to exercise training in three inbred mouse strains [C57Bl/6J (BL6), FVB/NJ (FVB), and Balb/cJ (Balb/c)] and three F 1 hybrid strains (B6F, FB6, and CB6) derived from these inbred strains and estimate the genetic contribution to phenotypic variation in the responses to exercise training. In the present study, we demonstrate that training responses in FVB mice were significantly greater than all other strains tested, whereas BL6 and Balb/c strains had relatively small responses to training. Intrinsic exercise capacity or physiometric variables such as body mass, heart mass, or muscle mass were not significantly predictive of the responses to training. However, broadsense heritability estimates indicate that genotype significantly influences the responses to training. Because training responses in hybrid strains derived from BL6 and FVB strains tended to resemble responses in the maternal strain, our data imply that the female parent, either through genetic or maternal effects, can strongly influence the response to training.
METHODS

Animals.
The University Committee on Animal Resources at the University of Rochester approved all procedures. Eight-week old male mice from the following strains were randomly assigned to the sedentary (SED) or exercise training (EX) group. Standard inbred strains C57Bl/6J (BL6, n ϭ 11 EX and 12 SED) and FVB/NJ (FVB, n ϭ 16 EX and 14 SED) were obtained from an in-residence breeding colony derived from breeders from Jackson Laboratories, and Balb/cJ (Balb/c, n ϭ 12 EX and 11 SED) and the CB6F1/J (CB6, female Balb/c ϫ male BL6, n ϭ 12 EX and 12 SED) hybrids were purchased from Jackson Laboratories and acclimatized for 2 wk before inclusion in the study to minimize any effect of shipping (8) . Reciprocal hybrids from a BL6 ϫ FVB outcross were generated in our vivarium. Hybrid mice generated from mating BL6 females with FVB males were designated B6F F1 (n ϭ 8 EX and 13 SED), and hybrid mice from the reciprocal cross were designated FB6 F 1 (n ϭ 12 EX and 7 SED). The inbred strains were chosen based on their genetic (1) and phenotypic (exercise capacity; see Refs. 21 and 22) diversity and their frequent use for genetic analysis and development of transgenic animals. All mice were allowed food and water ad libitum and were maintained on a 12:12-h light-dark schedule.
Exercise performance test. All mice were familiarized to run on a motorized rodent treadmill with an electric grid at the rear of the treadmill (Columbus Instruments, Columbus, OH) 2 days before completing an exercise performance test. Familiarization runs were 10 min in duration with a treadmill incline of 10°. Treadmill speed on the first day was 10 m/min and 12 m/min on the 2nd day. For the performance test, mice were placed on the treadmill and allowed to adapt to the surroundings for 3-5 min before starting. The treadmill was started at a speed of 8.5 m/min with a 0°incline. After 9 min, the speed and incline were raised to 10 m/min and 5°, respectively, for the second stage of the test. Speed was then increased by 2.5 m/min every 3 min to a maximum of 40 m/min, and the incline progressively increased 5°every 9 min to a maximum of 15° (10, 22) . Exercise continued until exhaustion, defined as an inability to maintain running speed despite repeated contact with the electric grid (10) . Each mouse was immediately removed from the treadmill when exhaustion was determined and returned to its home cage. This protocol was repeated after completion of the training period to assess the efficacy of the training regime. Two BL6 mice refused to run during the initial performance test and were not included in the study. SED mice were reintroduced to running on the treadmill 2 days before the second exercise performance test.
Endurance exercise performance was estimated from each performance test using the following three parameters: the duration of the run (in min), the distance run (in meters, calculated from the run time and speed of the treadmill), and vertical work performed (in kg/m). Vertical work was calculated as the product of body weight (kg) and vertical distance (meters), where vertical distance ϭ (distance run) (sin), where is equal to the angle of the treadmill from 0°to 15°(3). Distance run was used as the primary estimate of endurance exercise performance. However, the pattern of within (SED vs. EX)-and across-strain differences was similar for all estimates of endurance exercise performance.
Exercise training. EX mice participated in a 4-wk training program consisting of treadmill running 5 days/wk, 60 min/day at a final intensity equivalent to ϳ60% of the maximal work load (speed and incline) attained during the exercise performance test. A relative (%maximum) workload was chosen to evoke the maximum response to training for each strain. The intensity (60% of the maximal work load) was chosen because this was the highest intensity that could be completed by all strains over the 4-wk period. Furthermore, this exercise intensity should be sufficient to elicit cardiovascular and skeletal muscle adaptations (9, 13, 15) . Treadmill speed and exercise duration were progressively increased over the first 2 wk of training until the target workload and duration could be maintained. The final exercise intensity (speed and incline) for each strain was as follows: Balb/c, 15 m/min, 5°incline; BL6, 15 m/min, 5°incline; FVB, 19 m/min, 10°incline; CB6, 17.5 m/min, 5°incline; B6F and FB6 F1, 19 m/min, 10°incline. Each exercise bout was preceded by a 12-to 18-min warm-up period of walking on the treadmill.
Body and tissue mass. Body mass in grams was measured before, after, and weekly during the training period. After the final exercise performance test (24 -36 h ), all mice were anesthetized by intraperitoneal injection of a ketamine (80 mg/kg)-xylazine (5 mg/kg) cocktail. Plantaris and gastrocnemius muscles and hearts were harvested from all mice, washed in ice-cold (4°C) saline, frozen in liquid nitrogen, and stored at Ϫ80°C until further analysis. Tissue wet weights (in mg) were obtained before freezing.
Western blot analysis. Frozen tissue samples were weighed, pulverized in liquid nitrogen, and homogenized in 5-20 l/mg tissue of buffer containing 50 mM Tris (pH 8.0), 2 mM EGTA, 2 mM sodium orthovanadate, 0.01% Triton X-100, and protease inhibitor cocktail (104 M AEBSF, 0.08 M aprotinin, 2 M leupeptin, 4 M bestatin, 1.5 M pepstatin A, and 1.4 M E-64; Sigma). The suspension was sonicated and then centrifuged (15,300 g) at 4°C for 15 min. The Bradford assay was used to determine protein content of the supernatant. Protein samples (25-50 g total protein) were diluted 1:1 (vol/vol) in Laemmli buffer (120 mM Tris, 4% SDS, 100 mM dithiothreitol, and 20% glycerol, pH 6.8), boiled for 10 min (100°C), separated by SDS-PAGE (7.5-15%), and transferred to a nitrocellulose membrane. Membranes were blocked for 1 h with 5% nonfat dried milk in PBS plus 0.1% Tween 20 at room temperature and then incubated with primary antibody against mouse monoclonal antieNOS (1:500; Transduction Laboratories) or mouse monoclonal anticytochrome c (1:1,000; BD PharMingen). The membranes were washed and incubated with the appropriate secondary antibody (sheep anti-mouse IgG horseradish peroxidase 1:1,000 or donkey anti-rabbit IgG horseradish peroxidase 1:1,000; Amersham, Arlington Heights, IL) for 1 h at room temperature and visualized using enhanced chemiluminescence (ECL; Amersham). ECL band density was quantified using NIH Image software.
Broad-sense heritability. Two estimates of heritability in the broad sense were calculated to provide an estimate of the contribution of genotype to the responses to training (14, 21, 22) . The intraclass correlation (r I) is an estimate of the proportion of the total variation that is accounted for by differences between strains and the coefficient of genetic determination (g 2 ), which accounts for the doubling of the additive genetic variance that occurs with inbreeding. The following equations were used to calculate rI and g 2 :
, where MSB and MSW are the between-and within-mean square, respectively, and n is the number of animals per strain. Because the number of animals per strain differed, n was calculated as
, where a is the number of strains and ni is the number of animals in the ith strain.
Data analyses. Values are expressed as means Ϯ SE. Betweengroup (EX vs. SED) comparisons for each variable (i.e., body mass, exercise test duration) at each time point were made using unpaired Student's t-tests. Pre-vs. posttraining comparisons for each variable (i.e., body mass, exercise test duration) were made within each strain separately using paired Student's t-tests. ANOVA followed by a Fisher's post hoc analysis was used to analyze comparisons across strains for each variable at one time point (i.e., pretraining or posttraining; StatView for MacIntosh, version 5.0.1; see Ref. 36 ). Statistical significance was set at P Յ 0.05. Linear regression analysis was used to determine the relationship between measured variables (i.e., body mass, heart mass) and endurance exercise performance. The contribution of intrinsic (baseline) endurance exercise capacity to the response to training was assessed using linear regression. For the relationship between pre-and postmeasures of exercise capacity, the effect of pretraining (intrinsic) exercise capacity was considered significant if the slope of the regression equation was significantly different from 1.0 (35) . The slope was considered significantly different from 1.0 if the 95% confidence interval (CI) did not include 1.0. A slope and CI Ͼ 1.0 indicate that mice with low intrinsic capacity improved the most with training, whereas a slope and CI Ͻ 1.0 indicate that mice with a high intrinsic capacity had the greatest response to training. A slope equal to 1.0 indicates that intrinsic capacity does not determine the response to training (35) .
RESULTS
Endurance exercise performance was compared between EX and SED groups within each strain and across strains. For each section, EX vs. SED comparisons will be described first, followed by interstrain comparisons.
Endurance exercise performance. There were no significant differences between EX and SED groups for endurance exercise performance before starting the training program (Tables  1 and 2 ). In BL6 and FVB inbred strains, posttraining endurance exercise performance, measured as distance run, was significantly higher in EX mice compared with SED mice (Fig.  1 ). For FVB mice, distance was 2.6-fold higher in EX vs. SED after training (Fig. 1) . Run time and work were also significantly higher in EX vs. SED FVB mice (Tables 1 and 2 ). Run time, but not work, was significantly higher in EX vs. SED BL6 mice (Tables 1 and 2 ). There were no significant differences between SED and EX groups of Balb/c mice for any exercise parameter measured. In hybrid F 1 strains, posttraining endurance exercise performance in EX mice from FB6 F 1 and CB6 strains was significantly higher than SED mice for distance ( Fig. 1) , as well as run time and work (Tables 1 and 2) . Conversely, there were no differences between EX and SED mice from the B6F F 1 hybrid strain (Fig. 1 ).
Significant strain-dependent differences in endurance exercise performance were evident before and after training (Tables  1 and 2 ). Among inbred strains, endurance exercise performance was highest in FVB mice and comparable between BL6 and Balb/c mice (Table 1) . After training, FVB mice had the highest endurance exercise performance. Pre-and posttraining endurance exercise performance was similar in BL6 and Balb/c mice and significantly lower than the other strains. The magnitude of change in endurance exercise performance after 4 wk of training also varied markedly across strains (Fig. 2) . FVB mice showed the greatest improvement in endurance exercise performance (172%) as a result of training, which was five-to sevenfold higher than the other inbred strains for distance (P Ͻ 0.05, Fig. 2 ) and two-to threefold higher than the F 1 hybrid strains for distance (P Ͻ 0.05, Fig. 2 ). Conversely, BL6 and Balb/c strains made relatively small improvements in endurance exercise performance after 4 wk of training (ϳ23-33% increase for distance; Fig. 2 ).
The hybrid F 1 strains were included in this study to provide some insight into the genetic component of the response to training. The CB6 strain showed significantly greater endurance exercise performance than either parental strain (BL6 and Balb/c) before and after training ( Table 1) . The response to training (%change) in CB6 was approximately two-to threefold greater for distance than Balb/c and BL6 strains (Fig. 2) . Because the responses to training in the BL6 and Balb/c strains were comparable and the responses in the CB6 strain were greater than both parental strains, the reciprocal hybrid to the CB6 was not studied. Conversely, BL6 and FVB parental strains varied markedly in their response to training, and their hybrid offspring showed contrasting responses as well. Pretraining endurance exercise performance was similar between B6F F 1 and FB6 F 1 strains and significantly higher than parental strains (BL6 and FVB; Table 1 ). Posttraining values for endurance exercise performance for B6F F 1 and FB6 F 1 mice were intermediate compared with parental strains; values in F 1 mice were significantly higher than BL6 but significantly lower than FVB (Table 1) . However, compared with each other, FB6 F 1 had significantly higher posttraining values than B6F F 1 . Thus posttraining endurance exercise capacity in the BL6 ϫ FVB-derived F 1 hybrid strains tended to be similar to their respective maternal strain. When training responses in EX groups are expressed as a percentage change, training responses in B6F and FB6 strains were not different from BL6 mice and significantly less than FVB mice. However, the magnitude of the training responses (i.e., %changes in distance) in FB6 F 1 were ϳ2.5-fold greater than those in B6F F 1 ( Fig. 2 , P Ͻ 0.05), suggesting a potential role for a maternal effect.
Determinants of the training response. Because of the large strain-dependent differences in intrinsic (baseline) endurance exercise performance (Table 1) , linear regression analysis was used to determine whether intrinsic endurance exercise performance related to training responses (Fig. 3 ). There was a small but significant correlation between pretraining distance and posttraining distance (R 2 ϭ 0.17, P Ͻ 0.0001). However, the slope of the regression line was not significantly different from 1.0 (95% CI ϭ 0.57-1.91; Fig. 3 ), indicating that pretraining distance was not significantly related to the response to training. When the strains were analyzed individually, pretraining distance was not significantly correlated with posttraining distance for any strain [R 2 range ϭ 0.00005-0.21, not significant (NS)], and the slopes were not significantly different from 1.0 (range, slope ϭ Ϫ1.3 to 1.9, 95% CI ϭ Ϫ4.2 to 4.1). Collectively, these data suggest that intrinsic endurance exercise performance is not predictive of the strain-dependent differences in the response to exercise training observed in the inbred and hybrid mouse strains included in this study.
Body mass, heart mass, gastrocnemius and plantaris muscle mass, and tissue-to-body mass ratios were determined as markers for the efficacy of the training program (Table 3) . Over the course of the 4-wk exercise program, body mass increased significantly in all mice (Table 3) . Only EX mice from CB6 and B6F F 1 strains had body mass values that were significantly different from SED mice posttraining. CB6 EX gained significantly less mass than SED controls (2.4 Ϯ 0.2 vs. 4.1 Ϯ 0.4 g, P Ͻ 0.05), whereas in B6F F 1 mice the pretraining difference in mass between EX and SED groups was maintained over the 4-wk period.
In BL6 mice, no significant differences were observed between SED and EX groups for heart or muscle mass or tissue-to-body mass ratios. In Balb/c, FVB, and B6F F 1 mice, heart mass was significantly higher in EX vs. SED mice; however, only EX mice from the FVB strain had a significantly higher heart mass-to-body mass ratio. Thus cardiac hypertrophy was present only in FVB EX mice (Table 3) . Gastrocnemius mass and gastrocnemius mass-to-body mass ratio tended to be higher in EX mice, but only gastrocnemius mass in Balb/c and muscle mass-to-body mass ratio in CB6 mice was significantly higher in EX compared with SED. Conversely, plantaris mass and plantaris mass-to-body mass ratios were similar between EX and SED mice. Only plantaris mass from B6F F 1 EX mice was significantly higher than SED mice for that strain (Table 3) .
When comparisons of body mass were made across all strains within a specific group (EX or SED), there were several strain-dependent differences but very few differences in heart mass, muscle mass, and tissue-to-body mass ratios (Table 3) . Of note, FVB mice had the smallest values for plantaris mass and plantaris mass-to-body mass ratio across strains within EX and SED groups. In most cases, however, these differences were small and not related to strain-dependent differences in endurance exercise performance. Using linear regression analysis, the relationship between physiometric parameters and measures of endurance exercise performance (i.e., run time, distance, work) or the training response (post Ϫ pre or %change) was determined. The relationship between pretrain- Fig. 1 . Endurance exercise performance expressed as distance in sedentary control (SED) and exercise-trained (EX) mice after 4 wk of treadmill exercise. Values are means Ϯ SE; n ϭ 11 (EX) and 12 (SED) for BL6, n ϭ 16 and 14 for FVB, n ϭ 8 and 13 for B6F F1, n ϭ 12 and 7 for FB6 F1, n ϭ 12 and 11 for Balb/c, and n ϭ 12 and 12 for CB6. *P Ͻ 0.05 compared with SED. Distance was significantly greater in EX vs. SED for BL6, FVB, FB6, and CB6 strains. There were no significant differences between EX and SED groups for Balb/c and B6F F1 mice. ing body mass and pretraining distance was highly significant (R 2 ϭ 0.22, P Ͻ 0.001), but pretraining body mass was less related to posttraining distance (R 2 ϭ 0.04, P ϭ 0.008) and not related to the change in distance (R 2 ϭ 0.002, NS). Heart mass was significantly correlated with all three measures of posttraining endurance exercise performance (range R 2 : 0.14 -0.20, P Յ 0.002), whereas heart mass-to-body mass ratios were significantly related to changes (post Ϫ pre) in endurance exercise performance (range R 2 : 0.07-0.12, P Յ 0.03). Gastrocnemius mass was significantly correlated with posttraining work (R 2 ϭ 0.09, P Յ 0.006), whereas gastrocnemius massto-body mass ratio was not significantly correlated with posttraining measures or changes in endurance exercise performance. Neither plantaris mass nor plantaris mass-to-body mass ratio was significantly correlated with posttraining measures or changes in endurance exercise performance (range R 2 : 0.01-0.04, not significant).
For additional markers of the training response, we chose eNOS and cytochrome c protein expression in skeletal muscle on the basis of previous studies. Plantaris muscle eNOS expression was ϳ23% higher in EX vs. SED (P ϭ 0.03) for FVB (Fig. 4) . In all other strains of mice, plantaris eNOS expression was similar between EX and SED groups. eNOS expression was not significantly different between EX and SED groups for any strain in the gastrocnemius muscle (data not shown). Cytochrome c expression in gastrocnemius and plantaris muscles was measured as a general marker of oxidative metabolism/mitochondrial function (Fig. 5 ). In the plantaris muscle from FVB mice, cytochrome c expression was nearly double in EX (196 Ϯ 22% of SED, P Ͻ 0.001) compared with SED mice (Fig. 5) . Cytochrome c expression in plantaris muscle was also significantly higher in muscle from CB6 EX mice (117 Ϯ 3% of SED, P Ͻ 0.05). In BL6 mice, cytochrome c expression was somewhat higher in EX vs. SED (133 Ϯ 21% of SED, P ϭ 0.09). There were no differences between SED and EX groups in the other strains. Cytochrome c expression was also not significantly different between EX and SED groups for any strain in the gastrocnemius muscle (data not shown). Values are means Ϯ SE; no. in parentheses is no. of animals group (SED/EX). HM/BM, heart mass-to-body mass ratio; GM/BM, gastrocnemius mass-to-body mass ratio; PM/BM, plantaris mass-to-body mass ratio. †P Ͻ 0.05 compared with SED from same strain. Statistically significant differences (P Ͻ 0.05) between strains (across columns) are indicated by letters (e.g., a vs. a*, b vs. b*, etc.). Posttraining body mass values were significantly different from pretraining body mass values for SED and EX groups of all strains.
Broad-sense heritability. Two estimates of heritability in the broad sense were calculated for each measure of endurance exercise performance to estimate the degree to which endurance exercise performance is determined by genotype (14) . The r I for posttraining distance was 0.65, and g 2 was 0.48, suggesting that genotypic variance contributes significantly to phenotypic variance. The r I and g 2 were somewhat lower for the response to training (change in distance): r I ϭ 0.56 and g 2 ϭ 0.39. Estimates for posttraining and changes in both run time (posttraining: r I ϭ 0.64, g 2 ϭ 0.47; change in run time: r I ϭ 0.55 and g 2 ϭ 0.38) and work (posttraining: r I ϭ 0.65, g 2 ϭ 0.48; change in work: r I ϭ 0.55 and g 2 ϭ 0.38) were comparable to those for distance.
DISCUSSION
Exercise training responses in inbred and hybrid mouse strains were characterized in the present study to examine the role of genetic background on the response to exercise training. The primary finding of this study is that there are significant strain-dependent differences in the adaptation response to exercise. FVB mice showed markedly greater improvements in endurance exercise performance after training compared with BL6 and Balb/c mice. F 1 hybrids from a cross of FVB and BL6 mice showed an intermediate response to training, indicating that the adaptation responses to exercise are determined by alleles from both parents. However, further analysis of these mice showed differential responses to training based on the maternal strain, implying that the adaptation responses to training may have a significant maternal component.
Recently, several studies have addressed variation in intrinsic (baseline) endurance exercise performance among inbred strains of mice or rats selectively bred for high or low levels of exercise capacity (3, 12, 19, 21, 22, 32, 34) . These studies indicate that there are large strain-dependent differences in intrinsic exercise capacity. On the basis of these differences, broad-sense heritability estimates for exercise capacity ranged from 47 to 73% (21, 22) , whereas narrow-sense heritability estimates ranged from 39 to 64% (3, 12, 19 ). In the current study, r I and g 2 for endurance exercise performance in the sedentary state were comparable to published reports, ranging from 38 to 67%. However, less is known about the heritability of training responses in rodents. In humans, responses to training (change in V O 2 max ) vary widely in individuals completing similar training programs (5, 27) . The HERITAGE Family Study reported a heritability of 47% for training responses in 98 two-generation families (5).
In the current study, training responses varied considerably across strains, with Balb/c and BL6 mice increasing distance by 23 and 33%, respectively, whereas FVB improved distance run by 172%. Although the improvements in endurance exercise performance in Balb/c and BL6 strains were relatively small, the magnitude of changes based on run time are comparable to that obtained in mice (9, 18) , rats (24, 25, 35, 37) , pigs (23) , and humans (5, 29, 31) in response to exercise training. Moreover, the duration of the training protocol in this study is shorter than protocols used for other species (5, 23, 29, 31, 35, 37) , suggesting that mice adapt rapidly to exercise training. In FVB mice, the response to training is markedly greater than many previous findings in other animal models of exercise training. The exaggerated responses in this strain may make these mice ideal for future studies of exercise trainingrelated phenotypes. The F 1 hybrid strains also showed wide variation in their response to training. Interestingly, the B6F F 1 strain had a relatively small increase in endurance exercise performance, similar to the maternal BL6 strain, whereas the FB6 F 1 strain had training responses more closely resembling the maternal FVB strain. This suggests that maternal inheritance may contribute significantly to adaptation responses to exercise training. However, other factors, such as intrauterine effects, prenatal and postnatal environment, and maternal care, need to be considered as well (7, 30) . The significant contribution of genetic transmission from parent to offspring to the training response is supported by narrow-sense heritability estimates reported for rats selectively bred for high intrinsic exercise capacity (43%; see Ref. 35 ) and for humans (47%; see Ref. 5 ). In the current study, broad-sense heritability estimates for posttraining values were similar across all three measures (ϳ65% for r I and ϳ47% for g 2 ) , suggesting that variance in adaptation responses to exercise in mice are significantly influenced by genotypic variance. Collectively, data indicate that the wide range of training responses in rodents and humans is determined by a significant genetic component.
Several physiometrical and biochemical factors were measured to provide an indication of the efficacy of the training program and potential insight into one or more determinants of the response to exercise. Heart mass and heart mass-to-body mass ratio were significantly correlated to posttraining distance or work and changes in distance or work, respectively. The heart-to-body mass ratio only accounted for ϳ10% of the variation in changes in endurance exercise performance, whereas heart mass accounted for 15-20% of the variation in posttraining endurance exercise performance. Of the strains analyzed, the only significant difference for both heart mass and the heart-to-body mass ratio between EX and SED groups was observed for FVB mice. Although no cause-and-effect relationship can be attributed to this, these data suggest that cardiac hypertrophy may underlie some of the strain-dependent differences in adaptation responses to exercise. Furthermore, because hypertrophy was only observed in FVB mice and not associated with marked decreases in body mass, it is unlikely that this is a nonspecific stress response associated with treadmill running. There is evidence indicating that left ventricular mass and changes in cardiac dimension are genotype dependent (20, 33) . However, few significant strain-dependent differences were observed for heart mass or heart mass-to-body mass ratio (Table 3 ). The other parameters measured to indicate differences in training status showed the expected differences between EX and SED groups of FVB mice (Figs. 4 and 5), whereas smaller or no differences were observed between groups in other inbred and F 1 strains. Surprisingly, there were few differences in the gastrocnemius muscle for any of the variables measured, despite previous reports that muscle mass and markers of muscle metabolism are good indicators of exercise performance in cross-sectional studies (17, 21) .
Another factor that could influence the adaptation response to training is initial or intrinsic endurance exercise performance (5, 31, 35) . Large differences in treadmill running performance have previously been reported for the strains used in this study (21, 22) . We hypothesized that animals with low initial endurance exercise performance may show the greatest response to training. However, our data indicate that endurance exercise performance in the sedentary state was not related to posttraining endurance exercise performance (Fig. 3) , implying that the genetic factors determining intrinsic endurance exercise performance are different from those underlying the response to training. Our results are comparable to those reported in the HERITAGE Family Study (5, 31) but contradict those from selectively bred rats completing an 8-wk training program (35) . One explanation for this may be the difference in training regimen. In both the HERITAGE Family Study and the current study, training intensity was based on a percentage of maximum, whereas the selectively bred rats were trained using the same absolute workload (5, 31, 35) . However, a study employing a large number of strains with similar intrinsic capacity and varying training responses would be needed to more rigorously address this question.
In the current study, a relative workload was used as a training stimulus to try to maximize the training response in all strains. Because there is likely an exercise intensity threshold for inducing training responses (13, 15) and intrinsic endurance exercise capacity was significantly different among strains, using the same absolute workload for all strains might not provide an adequate stimulus for some strains. This would be a concern if the absolute workload were chosen based on the ability of the poorest-performing strain (i.e., BL6; see Ref. 35 ). Furthermore, the difference in absolute workload cannot explain all of the strain-dependent differences observed in the present study. Significant differences in training responses (%change) and posttraining endurance exercise performance were observed among FVB, B6F F 1 , and FB6 F 1 strains ( Fig.  1 and Table 1 ), all of which trained at the same absolute workload (19 m/min, 10°incline). In addition, CB6 mice were trained at a lower absolute workload (17.5 m/min, 10°incline), yet had similar posttraining values for endurance exercise performance as B6F and FB6 F 1 mice ( Fig. 1 and Table 1 ). The training response (%change) in CB6 mice was also approximately twofold greater than B6F F 1 mice, although this did not reach statistical significance. Thus the magnitude of the training response is not solely dependent on the absolute workload but most likely needs to be above some relative threshold level.
In summary, our data demonstrate significant strain-dependent differences in responses to exercise training in inbred and hybrid mouse strains. Improvements in endurance exercise performance in FVB were five-to sevenfold greater than BL6 and Balb/c mice, indicating that genetic background has a significant effect on training responses. Conversely, intrinsic exercise capacity and physiometric variables, such as heart mass, did not contribute significantly to the training response. The importance of genotype in the response to training in mice is supported by broad-sense heritability estimates, which suggest that ϳ40 -60% of the variation in training responses is related to genotypic variance. In addition, F 1 hybrid strains from BL6 and FVB parental strains showed differential responses to training, with only EX mice from the FB6 F 1 strain (FVB mother) showing significant responses to training compared with SED mice. These data suggest that a maternal component may contribute to the interstrain differences in the responses to exercise training.
